Three field experiments were conducted on farms in Chiang Mai, Thailand in 2015 to evaluate the effects of: (i) foliar application of Zn on the grain yield and grain Zn concentration of rice and (ii) using Zn-enriched seeds in the next cropping on growth and yield. Zn was applied by foliar spraying 0.5% ZnSO 4 at three different growth stages: booting, flowering, and early milk stages. Foliar spraying of Zn improved the grain Zn concentration by 41% in one field, and an average of 30% across the three fields. The foliarsprayed Zn did not, however, affect the grain yield in any of the fields. The Zn-enriched seeds also did not affect the grain yield of the plants in the farmers' fields in the next cropping, probably because of the high amount of soluble Zn already in the experimental fields. Clearly, the foliar application of Zn significantly increased grain Zn concentration, but had no effect on grain yield.
INTRODUCTION
Zinc deficiency is a major malnutrition problem, resulting in severe health complications, including growth retardation and impaired immune system, combined with increased risk of infection, DNA damage, and alterations in mental function (Hotz and Brown, 2004; Gibson et al., 2007) . The recommended daily intake of Zn is only 16 mg per day (National Research Council, 1989) , but many commonly consumed foods do not provide this amount, especially in the developing world where cereal-based foods that are low in Zn predominate diets (Gibson et al., 2007; Cakmak and Kutman, 2017) . For example, in South and Southeast Asia where rice is the staple diet, more than one-half a billion people have been estimated to be affected by inadequate Zn intake, especially pre-school children and women (Hotz and Brown, 2004; Gibson et al., 2007; Black et al., 2008) . In northeastern Thailand, 57% of pre-school children have low amounts of serum Zn (Thurlow et al., 2005) . Thailand consumes high amounts of rice that is low in Zn (Gibson et al., 2007; Phattarakul et al., 2012) . The average content of Zn in rice grown in Thailand is only 28.7 mg per kg (range 17.3-59.2) in brown rice and 20.6 mg per kg (range 9.6-40.2) in white rice across several regions tested (Saenchai et al., 2012; Jaksomsak et al., 2014; Panomjan et al., 2016) . It has been suggested that increasing the grain Zn concentration by up to 50 mg per kg would benefit human health through improved diet and agriculture through better seed germination and seedling vigor (Welch and Graham, 2004; Cakmak, 2008; Prom-u-thai et al., 2010) .
In crop plants, Zn has a diverse range of critical functions that affect several physiological processes, including enzyme activation, protein synthesis, detoxification of reactive oxygen species gene expression and regulation, and reproductive development (pollen formation) (Cakmak, 2000; Chang et al., 2005; Marschner, 2012) . Thus, biofortifying rice with increased Zn, either through plant breeding and/or fertilizer strategies, would contribute to both better plant growth and the nutritional quality of its grain (Bouis, 2002; Cakmak and Kutman, 2017) . Soil Zn application affects grain Zn less than foliar fertilization, as shown in rice and wheat Phattarakul et al., 2012) . In rice, foliar application of Zn is a particularly advantageous method to enhance grain Zn concentration compared with soil application, as it avoids the complex soil interactions that limit Zn uptake through a plant's roots (Mabesa et al., 2013) . The efficiency of soil Zn fertilization in increasing the grain Zn concentration in cereal depends largely on the soil type and fertility (Cakmak, 2008) . When rice was grown in different types of soil, up to 90% difference was observed in the grain Zn concentration in the same rice varieties . Wissanu et al. (2007) also found a significant variation in grain Zn concentration (e.g., from 8 mg kg -1 to 47 mg kg -1 ) for a given rice variety when grown in different soil Zn fertility. These findings indicate that environmental conditions have a significant impact on grain Zn concentration. In the case of foliar application of Zn, the type of soil has a minor effect on the biofortification of grains with Zn through foliar spray. Zinc concentration in brown rice (whole caryopsis with husk removed) was increased by 25% by foliar application of Zn in 17 field trials conducted in five different countries (China, India, Lao PDR, Thailand, and Turkey) with soil pH ranging from 4.8 to 8.8 and DTPA-extractable Zn from 0.5 mg kg −1 to 6.5 mg kg −1 (Phattarakul et al., 2012) . Most of the studies focusing on biofortification of cereals with Zn have been conducted on research farms of universities or research institutions. It would, therefore, be interesting to further investigate how foliar application of Zn affects grain Zn accumulation under different soil conditions in farmers' fields. Low Zn in seeds adversely affects not only human health, but also seed germination and seedling vigor, especially under Zn-deficient soil conditions (Yilmaz et al., 1998) . While high concentrations of Zn in rice seed greatly improved the growth and development of seedlings Boonchuay et al., 2013) , these studies were not investigated under farmers' field conditions, either.
The present study evaluated the effect of (i) foliar application of Zn on grain Zn concentration and yield and (ii) the role of Zn-enriched seeds in plant growth and yield in three different farmers' fields with high variation in soil fertility.
MATERIALS AND METHODS

Study location
The study was conducted during two crop seasons (July to December) in 2015 and 2016 under field conditions at three different farms in Hang Dong District, Chiang Mai Province, Thailand. Soil samples at each location were collected and analyzed for several chemical and physical parameters. Farmers at each location grew rice (Oryza Sativa L.) variety 'RD 14'. The seeds were derived from the Rice Seed Center at Chiang Mai, Thailand. The seedlings were prepared in the farmers' fields; seedlings that were approximately 30 days old were transplanted into the 20×20 m 2 plots with three replications at each location. The fields were permanently flooded under 0.1-0.2 m of water until maturity. Nitrogen fertilizer was applied by taking into consideration the farmers' practice. Briefly, urea (46-0-0) fertilizer was applied in two split applications at 300 kg ha -1 . One-half of the N was broadcasted by hand 30 days after transplanting, along 15 kg P 2 O 5 ha -1 and 15 kg K 2 O ha -1
, as it was the optimal rate for rice production in this area, and the other half of the N was applied 30 days later.
Foliar application of zinc
The farmers' plots at each location were arranged in randomized complete block designs with three independent replications. The treatments consisted of non-foliar application of Zn (Zn0) and foliar application of Zn (Zn+). In the case of the foliar Zn treatment, Zn was applied at the rate of 0.5% ZnSO 4 .7H 2 O at three different growth stages: (i) booting, (ii) flowering, and (iii) early milk stage. The spray solution was prepared by dissolving ZnSO 4 in deionized water. The foliar application was carried out by evenly spraying the solution until most of the shoot parts were wet and the solution had just begun to drip from the leaves. The spraying was always conducted in the late afternoon (~5 pm). The non-foliar Zn treatment consisted of spraying with deionized water. At maturity, the grain yield and the yield components (straw dry weight, clum length, panicle length, 1000 seed weight, number of filled grain and tiller) of 1 m 2 were evaluated. Brown rice (husk manually removed by hand) was analyzed for Zn concentration to compare the non-foliar and foliar treatments.
Sowing enriched Zn seeds
The Zn-enriched (Zn+) and Zn non-enriched (Zn0) seeds of the variety RD 14 used in the next field experiment were derived from the foliar spray experiment described above. The Zn-enriched seeds contained 18-21 mg Zn kg −1 and the Zn non-enriched seeds 15-16 mg Zn kg −1
. The seeds were sown on a seedbed for seedling preparation. The 30-day-old seeds were then transplanted into the plots of 20×20 m 2 by using standard farmers' practice with three replications. This second field experiment used the same basal fertilizer applications and soil management practices as the first experiment. At grain maturity, the grain yield was determined; brown rice was used for the analysis of the Zn concentration.
Chemical analysis
The soil fertility characteristics were determined from soil samples collected from a depth of 30 cm. The following soil parameters were analyzed: pH (measured in 1:1, soil:water), organic matter, available phosphorus (by Bray II), extractable potassium, and diethylenetriaminepentaacetic acid (DTPA)-extractable Zn. The seed Zn concentration was analyzed in brown rice (without husk) through atomic absorption spectrophotometer after the dry-ashing method (Zarcinas et al., 1987) .
Statistical analysis
The data were subjected to combined analysis of variance (ANOVA); means that were significantly different were separated at P<0.05 by the least significant difference (LSD) at P<0.05.
RESULTS
The experimental soils differed in soil pH and soil texture (Table 1 ). In location 3, the sand percentage was very high (about 61%). Location 3 also had higher DTPA-extractable Zn and lower soil pH compared to the other two locations. The soils were similar in organic matter content. Foliar application of Zn had no effect on grain yield or yield component in all farmers' fields, except for the percentage of filled grain (Table 2 ). However, the Zn effect on the percentage of filled grain was not consistent. The average grain yield was 6.4 ton ha −1 , which was not statistically different between the farmers' fields. The Zn concentration measured in the brown rice was significantly (P<0.05) affected by the foliar Zn treatment in the three field locations (Table 3 ). The foliar application of Zn increased the grain Zn concentration in all the fields compared to the controls; the increases ranged from 21% (location 3) to 41% (location 1), with an average increase in the three fields of 32% (Table 3) . When Zn was not sprayed, the grain Zn concentrations in the three farmers' fields did not differ significantly. Note: The data are the means of three independent replications. Different uppercase letters indicate significant difference between field locations and lowercase letters indicate significant difference between Zn treatments at P<0.05; 'ns' indicates 'no significant difference' between field locations and Zn treatments at P<0.05.
In the next experiments, Zn-enriched and non-enriched rice seeds were sown to study the role of high concentrations of seed Zn on plant yield. In all three locations, seeds with higher Zn did not affect the grain yield (Table 4) . Similarly, the Zn-enriched seeds did not affect the Zn grain concentrations in the mature grain. ) and 'Zn+' indicates that the plants were derived from high-Zn seeds (18-21 mg kg
−1
). The data are the means of three independent replications. 'ns' indicates 'no significant difference' between field locations and Zn treatments at P<0.05.
DISCUSSION
The results obtained from this study confirmed that foliar application of Zn improved grain Zn in rice grown under farmers' field conditions (Table 3) . Previous studies have shown a similar affect, but most were conducted under controlled conditions at experimental research units of universities or institutes (Stomp et al., 2011; Phattarakul et al., 2012; Ram et al., 2016) . The present results showed that increases in grain Zn also occurred under farmers' field conditions with different soil chemical and physical properties.
Foliar application of Zn has been suggested as an effective method in correcting Zn deficiency and improving grain Zn concentration in rice (Wissuva et al., 2007; Jiang et al., 2008; Stomph et al., 2011) . The Zn sprayed by foliar fertilizers is absorbed by the leaf epidermis, and remobilized and transferred into the rice grain through the phloem (Wu et al., 2010) with the contribution of several Zn-regulating transporter proteins (Li et al., 2013) . These processes have been demonstrated in other crops, such as wheat, which efficiently remobilizes Zn from leaves to grain (Grewal and Graham, 1999) , but the same has not always been the case with rice (Jiang et al., 2007; Wu et al., 2010) . The phloem mobility of Zn in rice is less understood than in wheat, limiting attempts to maximize grain Zn enrichment (Cakmak, 2008) .
The rice genotype and growth conditions have the largest effect on the agronomic effectiveness of foliar Zn spray to enhance grain Zn (Wissuwa et al., 2007; Phattarakul et al., 2012; Boonchuay et al., 2013; Mabesa et al., 2013) . In good agreement with these previous studies, this study also showed that the effect of foliar Zn spray varied greatly between the three farmers' fields (Table 3) with their different soils ( Table 1 ). The loamy texture of the soil in location 1 and location 2 resulted in higher grain Zn concentration compared to the sandier soil in location 3, despite its higher soil Zn concentration.
Foliar application of Zn had no effect on grain yield and many of the yield components measured in this study. This was probably due to the high DTPA-extractable Zn concentrations in the soils (Table 1) , which ranged from 1.3 mg kg −1 to 1.5 mg kg −1 -all well above the critical level of soil Zn deficiency at 0.5 mg kg −1 (Alloway, 2008; Mabesa et al., 2013) . During field visits, we observed no visible symptoms of Zn deficiency on the plants. A previous study also reported that foliar application of Zn at various growth stages and frequencies had no effect on grain yield and yield components in rice plants (Boonchuay et al., 2013 ). An increase in grain yield after foliar application of Zn could be expected when plants are grown on a Zn-deficient soil, as reported in both rice and wheat (Wissuwa et al., 2007; Cakmak et al., 2010) .
It has been well documented that using seeds with high Zn concentrations improved the growth and development of plants, especially under Zn-deficient soil conditions (Yilmaz et al., 1998; Prom-u-thai et al., 2012; Boonchuay et al., 2013) . However, in the present study, using Zn-enriched seeds in farmers' fields did not affect the grain yield and Zn concentration in the next crop compared to using non-enriched seeds. As with our first experiment, the high amounts of available Zn already in the soil was the likely reason.
In conclusion, foliar application of Zn improved rice grain Zn concentrations under field conditions on farms with different soil properties in Chiang Mai, Thailand. High concentrations of Zn in rice seed would help improve human nutrition and health as well as provide several agronomic benefits, including better seedling vigor and seed viability, higher yield, and reduced seed rate required for sowing, especially when plants are grown on Zndeficient soils. However, the foliar Zn spray in this study did not affect grain yield, which was probably due to the already high availability of Zn in the studied fields. Similar field experiments on farms, rather than under controlled research conditions, are needed in fields with Zn-deficient soils.
